Abstract Purpose: Copper transporter 2 (CTR2) is known to mediate the uptake of Cu +1 by mammalian cells. Several other Cu transporters, including the influx transporter CTR1 and the two efflux transporters ATP7A and ATP7B, also regulate sensitivity to the platinum-containing drugs. We sought to determine the effect of CTR2 on influx, intracellular trafficking, and efflux of cisplatin and carboplatin. Experimental Design: The role of CTR2 was examined by knocking down CTR2 expression in an isogenic pair of mouse embryo fibroblasts consisting of a CTR1 +/+ line and a CTR1 -/-line in which both CTR1alleles had been deleted. CTR2 levels were determined by quantitative reverse transcription-PCR and Western blot analysis. Cisplatin (DDP) was quantified by inductively coupled plasma mass spectrometry and Results: Deletion of CTR1reduced the uptake of Cu, DDP, and CBDCA and increased resistance to their cytotoxic effects by 2-to 3-fold. Knockdown of CTR2 increased uptake of Cu only in the CTR1 +/+ cells. In contrast, knockdown of CTR2 increased whole-cell DDP uptake and DNA platination in both CTR1
Platinum-based chemotherapeutic agents have been among the most widely used and effective anticancer agents since the 1970s (1) . However, patients often develop resistance during the course of treatment (2 -7) and the mechanisms that account for such resistance have not been fully identified. Changes in drug influx and efflux, deficiencies in the mismatch repair pathway, and down-regulation of the apoptotic cascade have all been proposed (8 -12) . To complicate matters, little is known about the intracellular metabolism of platinum-based agents. It is believed that these drugs kill cells through formation of adducts on the purine bases of nuclear DNA (9, 13, 14) ; however, it is not clear how the drugs traffic through the cell to reach the nucleus. There is a strong correlation between drug sensitivity and drug accumulation, with DDPresistant cells uniformly accumulating less drug (4, 15 -21) .
Several studies have provided evidence that the platinumcontaining drugs are taken up, shuttled around the cell, and exported by transporters and chaperones belonging to the Cu homeostasis system. Cells selected for resistance to cisplatin (DDP) are cross-resistant to Cu and vice versa (22 -25) . CTR1 is a high-affinity plasma membrane Cu transporter. Cu associates with the hCTR1 metal binding motif in the NH 2 -terminal domain and is transported into the cytosol through a channel formed by the hCTR1 trimer (26, 27) . Cu is then handed off to the various chaperones to be trafficked throughout the cell. Deletion of the gene coding for CTR1 was shown to render yeast resistant to the cytotoxic effects of DDP, and this was correlated with decreased uptake of drug (28, 29) . Deletion of both CTR1 alleles in mouse embryo fibroblasts also markedly reduced accumulation of all three Pt-containing drugs and increased resistance to cell killing (30) . However, this did not completely eliminate the accumulation of DDP, suggesting that DDP can enter the cell through transporters other than CTR1.
Copper transporter 2 (CTR2) is a copper transport protein with substantial structural homology to CTR1. Although sharing only 41% amino acid homology and having a shorter NH 2 -terminal domain, CTR2 is similar to CTR1 in having an essential methionine f20 amino acids away from the first of three transmembrane domains, as well as an MXXXM motif in the highly conserved second transmembrane domain that is required for Cu transport in CTR1 (31, 32) . In yeast, Ctr2 and its Schizosaccharomyces pombe orthologue Ctr6 are localized in vacuoles with the COOH-terminal tail oriented toward the cytosol (31, 33) . It has been shown that Ctr2 releases Cu from intercellular vacuolar stores under conditions of Cu starvation and delivers Cu to various chaperones (31, 34, 35) . The Ctr2-1 mutant of yeast Ctr2 partially mislocalizes to the plasma membrane in a position in which it mediates Cu transport similar to that of Ctr1 (31) . Less is known about the function of mammalian CTR2. In mammalian cells, CTR2 is primarily localized to late endosomes and lysosomes, although it also has reportedly been found on the plasma membrane in some cells (36, 37) . Like CTR1, CTR2 forms multimers, some of which colocalize with CTR1 (37). Mammalian CTR2 has been shown to increase Cu influx in cells in which it localizes to the plasma membrane (36) . Although its affinity is less than that of CTR1 (36, 37) , it is apparent that CTR2 plays an important role in copper homeostasis, and it is now the subject of intense study in this field.
In the current study, we sought to determine whether CTR2, like CTR1, functions as a transporter for the platinumcontaining chemotherapeutic agents and whether it modulates sensitivity to their cytotoxic effects. We report here that knockdown of CTR2 expression increases the cellular accumulation of DDP, the extent of DNA adduct formation, and the cytotoxicity of DDP in both CTR1-proficient and CTR1-deficient mouse embryo fibroblasts. In addition, an association was found between DDP sensitivity and CTR2 expression in a panel of six ovarian cancer cell lines.
Materials and Methods
Drugs and reagents. Platinol AQ was a gift from Bristol-Myers Squibb; it contains DDP at a concentration of 3.33 mmol/L in 0.9% NaCl. [ 14 C]CBDCA was purchased from Amersham Biosciences. The drugs were diluted into Opti-MEM reduced serum medium (Life Technologies) to produce final concentrations of 10, 30, and 100 Amol/L. Bradford reagent was purchased from Bio-Rad Laboratories, Inc.; sulforhodamine B was obtained from Sigma-Aldrich; and 0.4% sulforhodamine B (w/v) was solubilized in 1% (v/v) acetic acid solution.
Cell types, culture, and engineering. Parental mouse embryonic fibroblasts containing wild-type alleles of CTR1 (CTR1 +/+ ) and an isogenic line in which both copies of CTR1 had been somatically knocked out (CTR1 -/-) were a gift from Dr. Dennis Thiele (Duke University Medical Center, Department of Pharmacology and Cancer Biology, Durham, NC) (38) . The CTR2 kd sublines were constructed by infecting the CTR1 +/+ and CTR1 -/-cells with lentivirus expressing a short hairpin RNA targeting mouse CTR2 mRNA purchased from Sigma-Aldrich. The short hairpin RNA sequences used were CCGGGCCTTGGAACACATGAGGATTCTCGAGAATCCTCATGTGTTC-CAAGGCTTTTTG and CCGGCCCACTTCTCAACATGACTTACTCGAG-TAAGTCATGTTGAGAAGTGGGTTTTTG. Knockdowns were selected in medium containing 5 Amol/L puromycin. Cell survival following exposure to increasing concentrations of drugs was assayed using the sulforhodamine B assay system (39) . Five thousand cells were seeded into each well of a 96-well tissue culture plate. Cells were incubated overnight at 37jC, 5% CO 2 and then exposed to varying drug concentrations in 200 AL complete medium. Cells were allowed to grow for 5 d, after which the medium was removed and the protein was precipitated with 50% trichloroacetic acid and stained using 100 AL of 0.4% sulforhodamine B in 1% acetic acid at room temperature for 15 min. Following washing, the absorbance of each well at 515 nm was recorded using a Versamax Tunable Microplate Reader (Molecular Devices). All experiments were repeated at least thrice using three cultures for each drug concentration.
Western blotting. Whole-cell lysates were dissolved in lysis buffer [150 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100, and 10 mmol/L Tris (pH 7.4)] and subjected to electrophoresis on 4% to 15% gels using f30 Ag of protein per lane. Protein levels were first determined by Bradford assay (Bio-Rad). A Bio-Rad Trans-Blot system was used to transfer the proteins to Immobilon-P membranes (Millipore). Blots were incubated overnight at 4jC in 4% dry nonfat milk in TBS [150 mmol/L NaCl, 300 mmol/L KCl, 10 mmol/L Tris (pH 7.4), 0.01% Tween 20] . Blots were incubated for 1 h at room temperature in CTR2 antibody at 1:400 dilution (generous gift from Dr. Jessie Bertinato; Bureau of Nutritional Sciences, Food Directorate, Health Products and Food Branch, Health Canada, Ottawa, Ontario, Canada). A horseradish peroxidase -conjugated secondary antibody (GE Healthcare) was dissolved in 4% milk in the TBS buffer and incubated with the blot for 1 h at room temperature. After four 5-min washes, blots were exposed to the Pierce enhanced chemiluminescence reagent (Thermo Scientific) and detected on X-ray films (HyBlot CL, Denville Scientific, Inc.).
Quantitative reverse transcription-PCR. CTR2 mRNA levels were measured using a quantitative PCR (qPCR) method of detection of relative amounts of first-strand cDNA. cDNA was generated from mRNA isolated using Trizol (Invitrogen). Purified mRNA was converted to cDNA using oligo(dT) 20 priming and the SuperScript III First-Strand kit (Invitrogen). qPCR was done on a Bio-Rad MyIQ qPCR machine. The forward and reverse primers for hCTR2, mCTR2, and mouse h-actin were as follows: mCTR2, tccaggtagtcatcagct (forward) and tggcagtgctctgtgatgtc (reverse); h-actin, aggtgacagattgcttctg (forward) and gctgcctcaacacctcaac (reverse). Reactions were prepared using iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's recommendations. Samples were prepared in quadruplicate with three independent sample sets being analyzed. Analysis was done using the Bio-Rad iQ5 system software.
Measurement of drug accumulation into whole cells, vesicles, and DNA. CTR1 +/+ /CTR2 +/+ , CTR1 +/+ /CTR2 kd , CTR1 -/-/CTR2 +/+ , and CTR1 -/-/CTR2 kd cells were grown to 90% confluence in T-150 tissue culture flasks. Cells were then harvested using trypsin, and 7.5 Â 10 5 cells were placed into each well of six-well tissue culture plates and allowed to grow overnight in 2.5 mL of medium at 37jC in 5% CO 2 . The next day, medium was removed by aspiration and the cells were exposed to 500 AL of drug-containing Opti-MEM medium (Invitrogen)
Translational Relevance
Cisplatin (DDP) and carboplatin (CBDCA) are two of the most widely used chemotherapeutic agents. Despite years of clinical use, the mechanism by which these drugs enter tumor cells, are distributed within, and exported from cells remains poorly understood.We and others have previously documented that the copper transporters CTR1, ATP7A, and ATP7B and the intracellular chaperone ATOX1 have major effects on the cellular pharmacology of DDP and CBDCA. In this study, we show that another copper transporter, copper transporter 2 (CTR2), also regulates accumulation and cytotoxicity of these drugs. The magnitude of the effect is quite large. This result provides further evidence that the platinum-containing drugs use the copper homeostasis proteins to enter tumor cells and access key targets. Our findings also provide the basis for enhancing the efficacy of DDP and CBDCA through pharmacologic regulation of CTR2 expression.
at 37jC for either 0, 5, or 60 min, after which the drug-containing medium was removed and the plates were washed thrice with ice-cold PBS and then placed on ice. In the case of the time zero samples, the drug-containing medium was aspirated within 15 s of the start of drug exposure. Concentrated (50-70%) nitric acid (215 AL) was added to each well and the plate was incubated overnight at room temperature. The following day, the acid was moved into Omni-vials (Wheaton) and incubated at room temperature overnight to thoroughly dissolve all cellular debris. The following day, the nitric acid was diluted with 3 mL of buffer (0.1% Triton X-100, 1.4% nitric acid, 1 ppb In in double-distilled water). Pt concentration was measured using a Perkin-Elmer Element 2 inductively coupled plasma mass spectrometry (ICP-MS) located at the Analytical Facility at Scripps Institute of Oceanography at the University of California, San Diego. As a method of normalization, total sulfur was measured using a Perkin-Elmer inductively coupled plasma optical emission spectroscopy (ICP-OES) also located at Scripps Institute of Oceanography at the University of California, San Diego. Samples that were previously prepared for the ICP-MS were then introduced into the ICP-OES, where total ppb of sulfur was measured. All data presented are the means of at least three independent experiments each done with six wells per concentration tested.
For measurement of accumulation into vesicles, drug-exposed cells were harvested using trypsin and centrifuged at 2,000 rpm for 10 min. Medium was removed and cell pellets were combined. Vesicles isolated from lysed cells were separated by sucrose gradient subcellular fractionation as described by Tjelle et al. (40) . For measurement of Pt in DNA, cells were lysed and DNA was harvested using DNAzol (Invitrogen) according to the manufacturer's protocol. As a method of normalization, DNA was measured before addition of nitric acid using a NanoDrop 1000 spectrophotometer (Thermo Scientific). The microsome and DNA samples were digested in nitric acid before measurement of Pt by ICP-MS as described above.
Measurement of [ CuSO 4 was added to the plates and incubated at 37jC in 5% CO 2 for 60 min. At the end of the incubation period, the plates were placed on ice and the wells were rinsed thrice with 3 mL of ice-cold PBS. Cells were harvested in 215 AL concentrated nitric acid and transferred to tubes containing 3 mL of buffer as described above for g counting on a Beckman Gamma 5500B (Beckman Coulter). Total sulfur was used for normalization as described earlier. All data presented are the means of at least three independent experiments each done with six wells per concentration tested.
Measurement of drug export. Cells were grown in six-well plates as described above. One day after seeding, the medium was removed by aspiration and the cells were exposed to 500 AL of 30 Amol/L DDPcontaining Opti-MEM medium at 37jC for 60 min and immediately rinsed with room temperature PBS, after which the drug-containing medium was replaced with drug-free medium for 0, 0.5, 1, 2, 8, 30, or 240 min. The plates were washed thrice with ice-cold PBS and then placed on ice. Whole-cell drug accumulation was determined as described above.
Statistical analysis. All data points represent the mean F SE of at least three independent experiments, each using a minimum of three cultures per concentration tested. The significance of differences was determined using the Student's t test with the assumption of unequal variances.
Results
Knockdown of mCTR2 in mouse embryo fibroblasts. A wildtype (CTR1 +/+ ) mouse embryo fibroblast cell line and an isogenic line in which both alleles of CTR1 had been knocked out (CTR1 -/-) were used to examine the effect of disabling the function of CTR2 in cells that were either proficient or deficient in CTR1 function. The CTR1 +/+ and CTR1 -/-cells were infected with lentivirus expressing a short hairpin RNA targeted to mCTR2, and individual colonies were selected using 5 Amol/L puromycin. Knockdown of mCTR2 expression was analyzed by quantitative reverse transcription-PCR (qRT-PCR) and Western blot analysis, and individual clones were chosen for further study. As shown in Fig. 1A A similar effect on cell growth was observed when the knockdown cells were exposed to CBDCA (Fig. 2B) -/-/CTR2 kd cells, 95.9 F 2.4 Amol/L. Thus, reduction of mCTR2 expression caused a 1.9-fold increase in CBDCA sensitivity in the parental wild-type cells (P = 0.0006) and a 2.1-fold increase in cells lacking mCTR1 (P = 0.002). In contrast, as shown in Fig. 2C , whereas loss of CTR1 function rendered the cells 2.6-fold resistant to Cu (P = 0.009), reduction in the expression of CTR2 had no discernable effect on the sensitivity to Cu in either the CTR1 +/+ or CTR1 -/-background. Amol/L. Thus, knockdown of CTR2 produced a similar effect on sensitivity to DDP and CBDCA; however, there was a clear difference in the effect of knocking down CTR2 expression on sensitivity to these two platinumcontaining drugs and the effect on sensitivity to Cu.
Reduction of CTR2 expression increases whole-cell platinum drug accumulation. To determine whether the change in sensitivity to DDP was linked to changes in drug accumulation, total whole-cell Pt accumulation was measured following either a 5-minute or 1-hour exposure to 30 Amol/L DDP in all four cell lines by ICP-MS. The data, normalized to the content of sulfur as measured by ICP-OES as a surrogate for total cellular protein, are presented in Table 1 . Figure 3A shows that, in both the CTR1 +/+ and CTR1 -/-backgrounds, reduction in the expression of CTR2 increased the whole-cell accumulation of DDP. Reduction of CTR2 expression in the CTR1 +/+ background increased initial accumulation, determined by 5-minute exposure, by 2.2-fold (P = 0.004), whereas in the CTR1 -/-background it increased it by 2.8-fold (P = 0.006). After 1 hour of DDP exposure, the accumulation was 2.1-fold higher in the CTR1
kd cells than in the CTR1 +/+ /CTR2 +/+ cells (P = 0.003); likewise, the uptake was 3.5-fold higher in the CTR1 -/-/CTR2 kd cells than in the CTR1 -/-/CTR2 +/+ cells (P = 0.03; Fig. 3B ). As shown in Fig. 3C , a similar although more muted change in accumulation was observed for CBDCA after a 1-hour period of drug exposure.
As expected, deletion of CTR1 reduced the Cu accumulation at 1 hour to 70% of control. Knockdown of CTR2 expression in the CTR1 +/+ background caused 1.4-fold increase in Cu uptake (P = 0.01; Fig. 3D ). Knockdown of CTR2 in the CTR1 -/-background had little effect. These results indicate that CTR2 has greater effects on the cellular pharmacology of the platinum-containing drugs than Cu. In wild-type cells, knockdown of CTR2 increased Cu uptake, suggesting that CTR2 functions to efflux Cu. Under circumstances where Cu uptake was severely impaired due to loss of CTR1 function, knockdown of CTR2 had little further effect. In contrast, knockdown of CTR2 substantially increased DDP uptake irrespective of the status of CTR1. This indicates that the interaction of DDP with CTR2 is independent of the function of CTR1. The fact that similar effects were observed on both the initial and subsequent phases of uptake indicates that either CTR2 functions to suppress influx or it affects an efflux system that operates much more rapidly than previously appreciated.
Loss of mCTR2 expression increases DNA adduct formation. In a prior study conducted in human ovarian cancer cells, forced overexpression of CTR1 increased DDP accumulation but failed to increase cytotoxicity or DNA adduct formation (41) . To determine whether the increased influx of DDP that accompanies the knockdown of CTR2 led to more drug reaching the nucleus and the critical targets that mediate cytotoxicity, the extent of DNA adduct formation was measured in each of the four cell lines after a 1-hour exposure to 30 Amol/L DDP. Figure 4A shows that knockdown of CTR2 in both the CTR1 +/+ and CTR1 -/-background increased DNA adduct formation. Knockdown of CTR2 in the CTR1 +/+ cells increased DNA adduct formation by 2.1-fold (P = 0.0002), whereas in the CTR1 -/-cells it increased adduct formation by 3.2-fold (P = 0.001). The fact that the increase in DNA adduct formation closely paralleled the increase in whole-cell accumulation indicates that the enhancement of drug accumulation was not simply due to drug being sequestered in Increased platinum accumulation in CTR2 knockdown cells is not due to enhanced vesicular accumulation. In yeast, CTR2 is expressed in the vacuolar membrane (31, 33) , and in mammalian cells, it is predominantly localized to the mammalian equivalent of the yeast vacuole, which consists of the late endosomal and lysosomal compartments (31, 36, 37) . Currently available data indicate that CTR2 functions primarily to efflux Cu from these structures under conditions of low environmental Cu (37) . To determine whether the changes in whole-cell accumulation of DDP accompanying knockdown of CTR2 could be accounted for by enhanced accumulation in intracellular vesicles, all four cell lines were exposed to 30 Amol/L DDP for 1 hour. Intracellular vesicles were then isolated by sucrose gradient enrichment and their platinum content was measured by ICP-MS. There was no difference in the concentration of Pt in the vesicles of any of the four cell types; the mean concentration ranged from 0.70 to 0.72 pmol Pt/100 ppb sulfur. However, as shown in Fig. 4B , both loss of CTR1 and CTR2 produced quite large changes in the fraction of total intracellular Pt associated with the vesicles. Loss of CTR1 decreased whole-cell DDP uptake but nearly doubled the fraction of DDP in the vesicular fraction from 16.9 F 0.9% (SE) to 31.7 F 1.9% (SE). In contrast, knockdown of CTR2 increased whole-cell DDP uptake but decreased the fraction in the vesicles in both the CTR1 +/+ and CTR1 -/-cells.
Knockdown of CTR2 in the CTR1
+/+ cells reduced the percentage by half to 8.3 F 0.6% (SE); in the CTR1 -/-cells, it reduced the fraction by two thirds to 9.8 F 1.1% (SE). These results indicate that, whereas both CTR1 and CTR2 modulated whole-cell DDP uptake, neither had a significant effect on the absolute amount of DDP resident in the vesicular fraction.
Increased platinum accumulation in CTR2 knockdown cells is not due to a change of drug export. In addition to changes in initial uptake, increased drug accumulation may be caused by a loss of export. ATP7A and ATP7B can regulate drug accumulation through the regulation of export. To determine if loss of drug export was the mechanism behind the increased Pt accumulation observed in CTR2 knockdown cells, both the initial and subsequent phases of drug export were examined. Cells were pretreated with 30 Amol/L DDP for 1 hour followed by an immediate replacement of medium not containing drug. The total whole-cell Pt levels were measured by ICP-MS following 0, 0.5, 1, 2, 8, 30, and 240 minutes in drug-free medium. Figure 4C shows the percentage of Pt remaining in each type of cell as a function of efflux time. Whereas loss of CTR1 enhanced efflux, no change was detectable in either the early or late phases of DDP efflux when CTR2 was knocked down in either the CTR1 +/+ or CTR1 -/-cells. Relationship between hCTR2 expression and DDP sensitivity in ovarian cancer. Given that just a 55% to 33% reduction in CTR2 protein level was associated with a 2.0-to 3.2-fold increase in drug sensitivity in the mouse embryo CTR1 +/+ and CTR1 -/-fibroblasts, it was of interest to determine whether human ovarian cell lines that vary in sensitivity to DDP differ in their expression of CTR2. CTR2 protein expression levels were analyzed in six established human ovarian carcinoma cell lines of varying sensitivity to DDP. The IC 50 for DDP was determined for each cell line by quantifying inhibition of growth by staining with sulforhodamine B. CTR2 mRNA expression was quantified using qRT-PCR with h-actin as a loading control. CTR2 expression was quantified by densitometry on triplicate Western blots on which a-tubulin expression was used as a loading control (Fig. 5A) . Figure 5B and C shows that there was a significant correlation between CTR2 expression at both the mRNA (r 2 = 0.97, P = 0.0003) and protein levels (r 2 = 0.71, P < 0.04) and resistance to the cytotoxic effect of DDP. The higher the expression of hCTR2, the greater was the observed DDP IC 50 . This suggests that CTR2 expression may be one of the parameters that determine differences in DDP sensitivity in human ovarian carcinomas.
Discussion
Resistance to the cytotoxic effect of DDP is closely linked to reduced drug accumulation in human tumor cell lines (4, 15 -21) . This decrease in accumulation must be the result of either impaired drug influx, reduced intracellular sequestration, enhanced efflux, or a combination of these. Previous studies have documented that the Cu transporters can regulate all of these processes. Elimination of CTR1 reduces initial influx and results in substantial degrees of DDP resistance when measured both in vitro and in vivo (30, 42) . Increased expression of the Cu efflux transporters ATP7A and ATP7B enhances resistance to DDP (43) . ATP7A seems to function primarily to sequester DDP intracellularly (43 -45) , whereas ATP7B mediates platinum drug efflux (44) via a process that involves its transport into vesicles involved in the secretory pathway (45) . The results of the current study indicate that CTR2 is also an important determinant of both sensitivity to the cytotoxic effect of DDP and its intracellular pharmacology.
To study the effect of CTR2 on the cellular pharmacology of the platinum drugs, we took advantage of a very powerful model and knocked down the expression of CTR2 in both +/+ and CTR1 -/-mouse embryo fibroblasts. Elimination of CTR1 resulted in a substantial increase in resistance to DDP and CBDCA, as we have previously reported (30, 42) . Whereas CTR2 mRNA levels were reduced by 82% to 88%, this resulted in a more modest 33% to 55% reduction in the CTR2 protein level. These sublines were selected in a medium that did not contain additional Cu, and it is possible that a more severe reduction in CTR2 is lethal, particularly in the absence of CTR1 function. These relatively modest reductions in CTR2 protein level led to a 2.0-to 3.2-fold increase in sensitivity to DDP irrespective of the presence or absence of CTR1. A similar result was observed for CBDCA. Thus, the effect of reducing CTR2 expression was not dependent on the CTR1 status of the cells. This is in contrast to its effect on sensitivity to the cytotoxic effect of Cu. Elimination of the expression of CTR1 produced the anticipated decrease in sensitivity to Cu; however, knockdown of CTR2 in the CTR1 -/-cells had no further effect on sensitivity. These results support two conclusions. First, in the case of the platinum drugs, the effect of knocking down CTR2 seems to be independent of the status of CTR1. Second, CTR2 functions differently with respect to Cu and the platinum drugs.
To explore the mechanism by which loss of CTR2 increased cell sensitivity to the platinum drugs, we measured whole-cell drug accumulation at 5 minutes and 1 hour, the extent of DNA adduct formation, and the amount of DDP associated with the vesicle fraction of the cells by ICP-MS. Consistent with our prior studies (30) , deletion of both alleles of CTR1 reduced the influx of DDP when measured at both 5 minutes and 1 hour, and this was accompanied by a proportional decrease in DNA adduct formation. Reduction of CTR2 expression had the opposite effect. Knockdown of CTR2 led to a f2.1 to 3.5-fold increase in whole-cell Pt accumulation and DNA adduct formation, and it did so irrespective of whether CTR1 was expressed or not. The increase in wholecell platinum accumulation and DNA adduct formation was similar to the magnitude of the change in cytotoxicity, suggesting that the hypersensitivity caused by loss of CTR2 was directly linked to increased accumulation. Knockdown of CTR2 produced a very similar change in cytotoxicity and drug accumulation for CBDCA, indicating that, despite the differences in the structure of DDP and CBDCA and their rates of aquation and reaction with nucleophilic targets, these drugs are affected similarly by CTR2.
As noted with respect to cytotoxicity, the knockdown of CTR2 had somewhat different effects on the cellular accumulation of DDP and CBDCA versus Cu. Several points are noteworthy. First, complete loss of CTR1 expression only reduced whole-cell Cu accumulation at 1 hour by 31%, indicating that there is another route of Cu accumulation other than just CTR1. Second, unlike the situation for DDP, the effect of knocking down CTR2 on Cu accumulation was dependent on the status of CTR1. Knockdown of CTR2 increased Cu accumulation only when CTR1 was also expressed. In the absence of CTR1 expression, the reduction in CTR2 produced only a small additional increase in uptake. Interestingly, the increase in DDP accumulation that accompanied knockdown of CTR2 was associated with an increase in cytotoxicity, whereas this was not true for Cu. These observations indicate that CTR2 interacts differently with DDP than with Cu.
Knockout of CTR1 has been shown to reduce the rate of DDP accumulation in both yeast and mammalian cells (28 -30, 42) . Because a reduction in uptake was observed at the earliest measurable time (5 minutes), this was interpreted as indicating an effect on influx. However, the detailed measurements of efflux made using ICP-MS in the current study reveal that there is a very rapid phase of DDP efflux, an observation that confirms results obtained using less sensitive atomic absorption spectroscopic measurements many years ago (46) . The observation that loss of CTR1 resulted in a substantial increase in the rate of initial efflux indicates that CTR1 functions to retain DDP in the cell and raises the question of whether the impaired influx observed in CTR1 -/-cells is actually due to an increased rate of efflux.
How can the effects of knocking down CTR2 on Cu uptake be explained in light of what is already known about the function of CTR1 and CTR2 in mammalian cells? CTR2 is primarily localized to the late endosome and lysosome compartments (36, 37) where, by inference from the results obtained in yeast, it is thought to participate in the export of Cu to the cytoplasm. However, in Cu-starved COS-7 cells transfected with a CTR2 expression vector, some CTR2 was observed at the plasma membrane and these cells exhibited enhanced Cu uptake but no change in Cu efflux (36) , indicating that either CTR2 transports Cu across the plasma membrane or it enhances intracellular sequestration. We observed that knockdown of CTR2 in the CTR1 +/+ cells increased Cu accumulation by 78% at 1 hour, indicating that CTR2 normally functions to limit the accumulation of Cu. The fact that this was not observed when CTR2 was knocked down in the CTR1 -/-cells indicates that it was specifically dependent on CTR1. This suggests that CTR2 either regulates the level of CTR1 or its ability to mediate Cu influx. CTR2 has been reported to partially colocalize with CTR1 on intracellular vesicles of mammalian cells (37) , consistent with possible regulatory role for the former by the latter. The results reported here provide only an outline of how CTR1 and CTR2 modulate the accumulation of DDP and CBDCA. Because even DDP, the smaller of these two drugs, is too large to fit through the pore that trimeric CTR1 has been reported to form in the plasma membrane (47) , and because DDP seems to trigger rapid macropinocytosis of CTR1 (48), our current hypothesis is that DDP and CBDCA bind to the extracellular domain of CTR1 and enter via an endocytotic process that delivers them to intracellular vesicles. One possibility is that CTR2 functions sequentially with CTR1 in the drug influx process by transporting DDP out of vesicles and into the cytoplasm. However, there are several problems with this model. First, one would expect knockdown of CTR2 to have little effect when CTR1 was not expressed and that a limited amount of DDP would enter the cell by endocytosis, whereas the actual observation was that the CTR2 knockdown increased DDP uptake in both CTR1
+/+ and CTR1 -/-cells. Second, knockdown of CTR2 had no effect (at all) on the absolute amount of DDP that accumulated in intracellular vesicles; changes in the fraction of DDP in the vesicular compartment were due to changes in uptake in other parts of the cell. Finally, how CTR2 might export DDP from intracellular vesicles is uncertain. Like CTR1, CTR2 may also form trimers (37) whose pore size is likely to be too small to accommodate DDP so that one would have to hypothesize some other mechanism by which CTR2 transfers DDP out of vesicles. The finding that knockdown of CTR2 enhanced the accumulation of DDP, at even just 5 minutes, suggests that CTR2 is restraining initial influx in some manner either through regulation of the uptake at the level of the plasma membrane or by regulating trafficking to intracellular sites. The fact that CTR2 has no effect on drug efflux lends credence to the possibility that CTR2 acts to mediate DDP influx rather than to restrain efflux.
Given that small changes in CTR2 expression produced relatively large changes in sensitivity due to the cytotoxic effect of DDP, we were interested in whether differences in CTR2 expression in human tumor cell lines were linked to differences in intrinsic sensitivity to DDP. In a panel of six human ovarian carcinoma cell lines, we found a significant correlation between DDP sensitivity and both CTR2 mRNA level (r 2 = 0.97) and CTR2 protein level (r 2 = 0.71). This provides the impetus for further studies focused on how CTR2 levels change during the acquisition of resistance that accompanies repeated exposure to DDP both in vitro and in vivo. The fact that modest reductions in the level of CTR2 protein were accompanied by quite large increases in sensitivity to both DDP and CBDCA suggests that CTR2 expression may also be a useful biomarker of initial responsiveness to therapy with these drugs in patients with ovarian cancer and that strategies directed at selectively modulating the expression of this transporter may be therapeutically useful.
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